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Abstract
Cellulose nanocrystals (CNC) were �rst isolated from microcrystalline cellulose (MCC) by p-toluene
sulfonic acid (p-TsOH) hydrolysis. Cellulose II nanocrystal (CNC II) and cellulose III nanocrystal (CNC III)
were then formed by swelling the obtained cellulose I nanocrystal (CNC I) in concentrated sodium
hydroxide solutions and ethylenediamine (EDA) respectively. The properties of CNC I, CNC II and CNC III
were subjected to comprehensive characterization by Fourier-transform infrared spectroscopy (FTIR), X-
ray diffraction (XRD), scanning electron microscope (SEM), transmission electron microscopy (TEM), and
thermogravimetric analysis (TGA). The results indicated that CNC I, CNC II and CNC III obtained in this
research had high crystallinity index and good thermal stability. The degradation temperatures of the
resulted CNC I, CNC II and CNC III were 300 ℃, 275 ℃ and 242 ℃, respectively. No ester bonds were
found in the resulted CNC. CNC prepared in this research also had large aspect ratio and high negative
zeta potential.

1. Introduction
Cellulose, the most abundant and renewable natural polymer resource in the world, is widely used
nowadays for the production of daily used products and materials. Due to its low cost, availability,
renewability, and unique morphology, it attracts more and more research efforts in recent years (Brinchi et
al., 2013; Shao, Wang, Chang, Xu & Yang, 2017; Zander, Dong, Steele & Grant, 2014). Further reducing the
cellulose size to nanometer range, it exhibits excellent properties such as low density, high modulus, high
strength and high hydrophilicity due to the intra- and inter-molecular hydrogen bonds formed by the large
number of hydroxyl groups on celluloses making the cellulose molecular chains tightly bound together
(Lee et al., 2009; Mariño, Lucimara, Durán & Tasic, 2015). However, cellulose has certain defects, for
example, poor performance under certain chemical conditions, low mechanical strength and low
dimensional stability. Therefore, cellulose I nanocrystal (CNC I) is widely used in gel (Aulin, Netrval,
WåGberg & Lindströmc, 2010; Huang et al., 2018), photoelectric (Lv et al., 2019; Miettunen et al.,2014),
energy storage (Zhu et al., 2016), medicine (Carlsson et al., 2012; Dieter et al., 2010), functional materials
(Mishra et al., 2018) and other areas. Both suballomorphs of CNC I, namely Iα and Iβ can be converted to
cellulose II nanocrystal (CNC II) and cellulose III nanocrystal (CNC III) through thermochemical
processing. CNC II can be formed by well established mercerization process, which consists of swelling
CNC I in concentrated sodium hydroxide solutions for certain amount of time followed by removing the
swelling agent. It is not only an important method for producing viscose �ber and carboxymethyl
cellulose, but has its signi�cance for cellulose activation. Compared to the parallel up arrangement of
CNC I, the antiparallel chains arrangement in CNC II result in a more stable and preferable structure for
various textiles and paper application. Due to its lower crystallinity index, CNC III usually demonstrates a
higher reactivity than CNC I and CNC II for the preparation of cellulose derivatives (Habibi & Vignon,
2008). Because of the different crystal form of CNC, CNC derivatives with different properties can be
obtained. Converting CNCs from cellulose I to cellulose II and cellulose III, its crystallinity index and the



Page 3/19

crystallite size decreased and the internal surface area increased while Young's modulus of the �ber
decreased and the ultimate strain increased (Ishikawa, Okano & Sugiyama, 1997).

At present, mechanical methods (Faradilla et al., 2017; Lichtenstein & Lavoine, 2017) and chemical
methods are commonly used to prepare CNC. The native nanocellulose prepared by mechanical
approach which requires high energy consumption has crystalline and amorphous regions with a wide
size distribution. In order to reduce the production cost, chemical or enzymatic pretreatment were usually
employed (Kelly, Herman, Maria, Mirabel & Valdeir, 2018). Acid hydrolysis and TEMPO oxidation are
commonly used chemical approach (Bibin et al., 2013; Chen et al., 2017; Vasconcelos et al.,
2017). Sulfuric acid (Morais et al., 2013; Roman & Winter, 2004; Poggi, Giorgi, Toccafondi, Katzur &
Baglioni, 2010), phosphoric acid (Agnieszka, Radzik, Haraźna & Pielichowski, 2018) and dicarboxylic acid
(Bian et al., 2017) are used for acid hydrolysis. Acid preferentially acts on the non-crystalline area while
the crystalline area maintains its integrity. However, the reaction between surface hydroxyl group of
crystalline area and acid radical groups during sulfuric acid hydrolysis process reduced thermal stability.
Some researches were conduct to modify resulted CNC I from sulfuric acid hydrolysis in order to improve
the thermal stability of CNC (Wu, Xu, Gong, Li & Mo, 2018). 

Our previous research has shown CNC I produced by P-toluene sulfonic acid (p-TsOH) hydrolysis of
microcrystalline cellulose (MCC) with good thermal stability and high crystallinity index. CNC II and CNC
III can be produced by subjecting CNC I to sodium hydroxide and ethylenediamine (EDA) treatment,
respectively. To our knowledge, properties of CNC I, CNC II and CNC III produced by such approaches have
not been reported. In this work, we prepared CNC allomorphs and these samples were analyzed in terms
of crystallinity index, particle size, zeta potential, morphology and thermal stability, etc. 

2. Experimental
2.1 Materials

Microcrystalline cellulose (MCC) (particle size about 50 μm, Chengdu Kelong Chemically pure Chemical
Co., Ltd., Chengdu, China) was used as raw material for producing cellulose nanocrystals (CNCs). p-TsOH
(analytically pure) was purchased from Tianjin Bodie Chemical Co., Ltd., Tianjin, China. Analytically pure
NaOH was purchased from Tianjin Beichen Fangzheng Reagent Factory, Tianjin, China. Analytically pure
ethylenediamine (EDA) was purchased from Tianjin Yongda Chemical Reagent Co., Ltd., Tianjin, China.
All the chemicals were used directly without further puri�cation.

2.2 CNC I obtained by p-toluene sulfonic acid (p-TsOH) hydrolysis of microcrystalline cellulose (MCC)

5.0 g MCC was added to 75 mL p-TsOH solution. The reaction was allowed to proceed at 70°C for 4 h
according to the pre-designed experimental conditions. At the end of reaction, 100 mL of distilled and
deionized water was added to quench the reaction. The sample obtained by acid hydrolysis was then
washed with deionized water using repeated centrifuge cycles (10 min at 4,000 rpm). The last wash was
conducted using dialysis with deionized water until the wash water reaching constant pH. The obtained
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CNCs suspension was lyophilized for three days to obtain solid CNCs. The spent acid was recovered by
crystallization.

2.3 CNC II prepared by NaOH treatment 

1.0 g above-mentioned CNC I was placed in 50 mL 18.5 wt% NaOH solution under continuous stirring at
300 rpm for 1.5 h. The sample was dialyzed with distilled water until the pH was constant. The obtained
white precipitate was freeze-dried to obtain CNC II.

2.4 CNC III prepared by EDA treatment

1.0 g above-mentioned CNC I was placed in 50 mL room temperature EDA solution for 24h with
continuous stirring at 300 rpm. The sample was dialyzed against methanol until the pH was constant.
The obtained white precipitate was freeze-dried to obtain CNC III.

2.5 Particle size and zeta potential of CNC allomorphs

To compare the particle size and surface charge of CNC allomorphs, the size and zeta potential of the
CNC was measured using particle size analyzer (Malvern Zetasizer Nano series, Malvern, UK). All
suspensions were dispersed to a concentration of 0.2 wt% at room temperature before analysis.

2.6 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analysis of CNC
allomorphs

The SEM images of CNC allomorphs were recorded by a �eld-emission scanning electron microscope
(SEM) (JSM-6380, Jeol, Akishima, Tokyo, Japan). A droplet of 0.01% w/v sonicated CNC dispersion was
placed on a conductive aluminum plate. Then the excess water was removed by absorbent paper and
subsequently dried in air. The sample was sputter coated with gold (Hitachi E-1010 Ion Sputtering
System, Tokyo, Japan) for 120 s to provide su�cient conductivity under vacuum. 

The TEM image of CNC allomorphs were recorded at room temperature by transmission electron
microscope (JEM-2100PLUS, Japan JEOL Company, Akishima, Tokyo, Japan) under an acceleration
voltage of 200 kV. 10 μL suspension was deposited on a discharged carbon-coated grid and the excess
liquid was removed by absorbent paper. The sample was then stained with 2% phosphotungstic acid
solution. The excess dye solution was removed by absorbent paper and the dried at room temperature for
observation.

2.7 X-ray diffraction (XRD) analysis and crystallinity index calculation

The XRD patterns for all CNC allomorphs were obtained with an X-ray diffractometer ((Rigaku D/Max
2500 v/PC system, Rigaku Corporation, Tokyo, Japan) using a Cu Kα radiation at 40 kV and 30 mA (I =
0.154 nm). Scattered radiation was detected in the range of 2θ = 5o - 40o at a scan rate of 4o/min. XRD
data were analyzed using software MDI Jade 6.0. Area integration method was used to calculate the
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crystallinity index of the CNC (Song et al.,2016). The crystallinity index was calculated as the ratio of the
area of the cellulose crystal region to the total area of the XRD pattern.

2.8 Fourier Transform Infrared Spectroscopy (FTIR) analysis

The FTIR spectra of the sample was collected by Fourier transform infrared spectrometer (VECTOR22,
Germany Bruker Co., Ettlingen, Germany) using a KBr disc containing �nely ground samples (1%). The
resolution of infrared spectrum is 4 cm-1, the collection range is 500-4000 cm-1 and the spectra is
obtained from 8 scans in transmission mode. 

2.9 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was performed using a thermogravimetric analyzer (TAQ-500,
Shimadzu Co., Kyoto, Japan). All samples were heated from 25°C to 800°C at a rate of 10°C/min under a
nitrogen atmosphere (30 mL/min). 

3. Results And Discussion
3.1 Yield and Zeta potential of CNC I

As seen from Fig. 2, the yield and Zeta potential of CNC I increased with the increase of p-TsOH mass
concentration and temperature. Less stable suspension was obtained with the increase of acid
concentration as the absolute value of the zeta potential getting smaller. A dark and yellow product was
obtained as the temperature and p-TsOH mass concentration increased. Therefore, the reaction
temperature and acid concentration should be controlled to prevent the cellulose from being over
hydrolyzed. Fig. 3 shows the potential distribution diagram. 

3.2 CNC I particle size analysis

The particle size of CNC Ι can be seen from Fig. 4. As the p-TsOH mass concentration and reaction
temperature increased, the particle size of CNC I gradually decreased. This is probably because of the
higher degree of hydrolysis at higher reaction temperature and acid concentration.

Table 1

Fiber width and length, and the aspect ratio of CNC allomorphs
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Sample Width (nm) Length (nm) length to diameter ratio

CNC Ι 9.1 368.9 40.5

CNC 21.8 330.4 15.2

CNC 27.8 321.3 11.6

The width, diameter and aspect ratio of CNC are shown in Table 1. The aspect ratios of CNC Ι, CNC II and
CNC III were 40.5, 15.2, and 11.6, respectively. The larger the aspect ratio, the better the mechanical
reinforcement effect. Thus, CNC Ι can provide better mechanical reinforcement effect compared to CNC II
and CNC III. 

3.3 SEM and TEM analysis of CNC allomorphs 

Fig. 5 shows the different morphologies of CNC allomorphs. As seen from the Figure, CNC is rod-shaped
and interwoven into a network structure. These characteristics can be used as a reinforcing agent in
composite materials. The length of CNC Ι was about 100 - 200 nm and the width was 40 - 80 nm. CNC ΙΙ
had a shorter and wider morphology than CNC Ι, and the size of CNC ΙΙΙ was in the middle of these two.
Self-assembly and self-aggregation occurred in the process of freeze drying thus increased the CNC size.
The surface of the alkali-treated CNC was smoother, while the surface corrosion induced by alkali and
organic amine molecules followed, and the van der Waals bond between them also be broken during the
crystal form transformation, which led to some kinks as shown by the SEM image of CNC  and CNC .

Fig. 6 shows the TEM images of the CNC allomorphs. The CNC Ι with a typical short rod-like shape were
entangled. Although crystal form changed after sodium hydroxide and EDA treatment, CNC of different
crystal forms still maintained rod-like shape and the average width was not much different from that of
CNC Ι. This is probably because only a single cellulose micro�bril underwent crystal form change and did
not affect the adjacent micro�brils after alkali and EDA treatment. CNC II and CNC III had same molecular
chain arrangement as CNC I.

3.4 Integral crystallinity index analysis of CNC allomorph

The crystallinity index of CNC allomorphs was analyzed by XRD. As shown in Fig. 7, X-ray diffraction
patterns of CNC allomorph re�ect the crystal integrity of each crystal form. The diffraction peak positions

of CNC I were at 15.0°, 16.4°, and 22.5°, corresponding to (110), (1
_

1 0), and (200) crystal planes,

respectively. The diffraction peak positions of CNC II were at 12.0°, 20.0°, and 21.6°, corresponding to (
_

1
 10), (110), and (020) crystal planes, respectively, indicating the successful conversion of  CNC I to   CNC
II. Faint peaks of CNC I (15.0°, 16.4°, 22.5°) were detected in the XRD diffraction spectrum of CNC III.
However, the main peaks of 12.0°,17.2° and 21.0° corresponds to (010), (002) crystal planes and (100).

(012), (1
_

1 0) composite crystal planes of CNC III are more obvious. Therefore, it can be concluded that the
crystal form conversion from CNC I to CNC III has also been successfully achieved. Meanwhile,
crystallinity index of these three CNC crystal forms were 89.70%, 79.55% and 58.70%, respectively. The
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decrease of crystallinity index of CNC II and CNC III indicates some crystalline area was destroyed during
NaOH or EDA treatment.

3.5 FTIR analysis of CNC allomorph 

The infrared spectra of CNC is shown in Fig. 8. As seen from the spectra, no new functional groups were
found which means that the hydrolysis of p-TsOH did not introduce new functional groups and the
structure of cellulose nanocrystal was not changed. The absorption peaks of CNCs crystal form mainly
appear in the range from 3700 cm -1 to 2600 cm-1 and from 1700 cm-1 to 800 cm-1. In CNC I, the peak at
3444 cm-1 was caused by the stretching vibration of the free -OH group in the cellulose molecule.
Absorption peaks of 2901 cm-1 and 1430 cm-1 were caused by the stretching and bending of -
CHbelonging to -CH2 group. Absorption peak of 1637 cm-1 was produced by the vibration of the -OH

group in the cellulose. The weaker 896 cm-1 peak proved the break of β-glycosidic bond during the
hydrolysis process, resulting in shorter cellulose chain and smaller size. The absorption peak of 2901 cm-

1 belonging to -CH stretching vibration in CNC I was changed to 2982 cm-1 in CNC II. The absorption peak
of 1429 cm-1 caused by the bending of -CHbelonging to -CH2 group was not signi�cant in CNC ΙΙ,
indicating the change of hydrogen bond and cellulose chains arrangement and stacking because of the
alkali treatment. In CNC ΙΙΙ, the -CH characteristic peak at 2900 cm-1 did not change, but the absorption
peak at 1637 cm-1 was weakened, indicating that the EDA treatment had changed the crystal form of CNC
Ι and reduced the amount of -OH group. The absorption peak of 1429 cm-1 caused by the bending of -CH
belonging to -CH2 group was not signi�cant in CNC . These changes indicated EDA treatment changed

the hydrogen bond and cellulose chains arrangement. Compared to the peak intensities at 1637 cm-1 and
3444 cm-1 of the three different crystal forms, CNC III had the highest intensity indicating CNC III had
better reactivity, while the peak intensity of CNC II decreased implying its highest stability among these
three crystal forms.

3.6 Thermogravimetric analysis of CNC allomorph

Fig. 9 shows the CNC thermogravimetric curves of CNC allomorph. CNC obtained by p-toluene sulfonic
acid (p-TsOH) hydrolysis of microcrystalline cellulose and concentrated NaOH and ethylenediamine
(EDA) treatment showed improved thermal stability. CNC I prepared by traditional sulfuric acid method
generally started to degrade at a temperature of 160 °C, resulting in a mass loss of about 40% then
started to degrade the remaining part at 260 °C. However, no mass loss was observed for CNC Ι prepared
by p-TsOH until 300 ℃ and the thermal weight loss generally happened between 300 ℃ and 400 ℃,
which also proved that p-TsOH hydrolysis did not introduce new group to cellulose, but only existed as a
catalyst.

The change from CNC I to CNC II and CNC III reduced the thermal stability of CNC to a certain extent.
When CNC I was converted to CNC II and CNC III, the initial thermal degradation temperature decreased
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from 300 °C to 275 °C and 242 °C, respectively. It became easier to lose water during heating as more -OH
exposed after subjecting CNC I to alkali treatment.

4 Conclusion
This work reported the preparation of cellulose nanocrystals (CNC) by p-toluene sulfonic acid (p-TsOH)
hydrolysis of microcrystalline cellulose and concentrated NaOH and ethylenediamine (EDA) treatment.
The obtained CNC I, CNC II and CNC III showed better thermal stability compared to those obtained by
traditional sulfuric acid method. No mass loss was observed for CNC Ι prepared by p-TsOH until 300 ℃.
The thermal degradation temperature of CNC II and CNC III occurred at 275 °C and 242 °C, respectively.
The resulted CNCs had a high crystallinity index, high aspect ratio and no ester bonds was observed. The
zeta potential of CNCs reached -37.9 mV, indicating the potential stability of its colloidal system.
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Figure 1

Schematic diagram illustrating the preparation of CNC allomorphs
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Figure 2

Yield and Zeta potential of CNC with cellulose I at different reaction conditions. (a) (b) temperature was
70; (c) (d)p-TsOH mass concentration was 70%.
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Figure 3

Potential distribution diagram (p-TsOH mass concentration was 70%, reaction temperature was 70℃ and
reaction time was 1.5 h)
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Figure 4

Particle size of CNC Ι. (a) p-TsOH mass concentration was 70%; (b) reaction temperature was 70℃
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Figure 5

SEM images of samples (a) CNC Ι; (b) CNC ΙΙ; (c) CNC ΙΙΙ
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Figure 6

TEM images of samples (a).CNC Ι; (b). CNC ΙΙ; (c).CNC ΙΙΙ
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Figure 7

XRD pattens of the samples
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Figure 8

FTIR spectra of solid residues of the samples
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Figure 9

TGA pattens of samples


